The generation of animals cloned by means of the nuclear transfer technique indicates that somatic cell n u c l e i c a n b e r e p r o g r a m m e d w h e n t h e y a r e transplanted into the egg cytoplasm-in other words, the transplanted somatic nuclei can be induced to return to a pluripotent state similar to that of the nuclei of fertilized eggs. Therefore, the potential for both reprogramming and pluripotency is retained in germ cells throughout their development. For example, embryonic germ (EG) cells that are generated from primordial germ cells (PGCs) show similar pluripotency to the undifferentiated embryonic stem (ES) cells that originate in the inner cell mass of blastocyst embryos in m i c e [ 1 ] . A n d s o m e t e r a t o ma s t h a t g e n e r a t e differentiated cells of various types-from all three primary germ layers-originate in PGCs in the embryonic gonads [2] . Therefore, germ cells must have t h e a b il i t y t o be r e p r o g r am m ed , a s w e l l a s t o differentiate to form gametes. So how do germ cells acquire these characteristics, and how are they maintained during development? The discovery of the molecular and cellular mechanisms that are involved in these processes will provide important insights not only for basic research into reproductive biology but also for the development of new techniques for regenerative medical treatments. There is an urgent need to develop i n v i t r o s y s t e m s t h a t c a n m o d e l t h e e n t i r e developmental process-from pluripotent stem cells to f u n c t i o n a l s p e r m a n d e g g s -t o f u r t h e r o u r understanding of the mechanisms of germ-cell differentiation.
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Germ Cell Differentiation in Culture
The generation of animals cloned by means of the nuclear transfer technique indicates that somatic cell n u c l e i c a n b e r e p r o g r a m m e d w h e n t h e y a r e transplanted into the egg cytoplasm-in other words, the transplanted somatic nuclei can be induced to return to a pluripotent state similar to that of the nuclei of fertilized eggs. Therefore, the potential for both reprogramming and pluripotency is retained in germ cells throughout their development. For example, embryonic germ (EG) cells that are generated from primordial germ cells (PGCs) show similar pluripotency to the undifferentiated embryonic stem (ES) cells that originate in the inner cell mass of blastocyst embryos in m i c e [ 1 ] . A n d s o m e t e r a t o ma s t h a t g e n e r a t e differentiated cells of various types-from all three primary germ layers-originate in PGCs in the embryonic gonads [2] . Therefore, germ cells must have t h e a b il i t y t o be r e p r o g r am m ed , a s w e l l a s t o differentiate to form gametes. So how do germ cells acquire these characteristics, and how are they maintained during development? The discovery of the molecular and cellular mechanisms that are involved in these processes will provide important insights not only for basic research into reproductive biology but also for the development of new techniques for regenerative medical treatments. There is an urgent need to develop i n v i t r o s y s t e m s t h a t c a n m o d e l t h e e n t i r e developmental process-from pluripotent stem cells to f u n c t i o n a l s p e r m a n d e g g s -t o f u r t h e r o u r understanding of the mechanisms of germ-cell differentiation.
In Vitro Differentiation of Primordial Germ Cells
In mammals-unlike other animal species, such as frogs and flies-the germ cells are not predetermined by inherited maternal factors. Germ-cell determination in mic e occurs duri ng the mid-gastrulation stage, approximately 6.5 days after implantation. Previous studies have clearly shown that PGC determination depends on the inductive effects of trophoblast tissue in embryos at the egg-cylinder stage, and that only a limited number of cells in the proximal region of the epiblast differentiate to become PGCs [3, 4] . Germ-cell differentiation from ES cells in culture has previously been used to investigate the mechanisms by which germ cells segregate from the pluripotent epiblast cells. This was regarded as the most suitable model system, because of the high reproducibility of ES cells in culture, and the unlimited number of cells that can be produced. It is well established that ES cells can differentiate into all cell lineages when they are introduced into host blastocysts, and they can also generate various somatic cell lineages in vitro. Therefore, as ES cells can contribute to the germline of a host embryo, in theory they should also be able to produce germ cells in vitro. Nevertheless, a crucial difficulty in such culture systems is distinguishing between undifferentiated ES cells and differentiating PGCs, because they share many common characteristics, including the expression of O c t 3 / 4 , S S E A 1 a n t i g e n a n d s t r o n g a l k a l i n e phosphatase (APase) staining [5, 6] . One gene that is expressed in differentiating germ cells-mouse vasa homolog (Mv h) -provides a specific marker to distinguish the cells of the germ-cell lineage from both undifferentiated cells and somatic cells. The vasa gene was originally identified in Drosophila as a member of a group of maternal factors that are required for the formation of germplasm and germ-precursor pole cells [7] . The vasa gene encodes DEAD-family ATPdependent RNA helicase. In mice, the expression of MVH protein is not detectable in embryos before 9.5 days. MVH-positive cells are first detected in PGCs just after they colonize the embryonic gonads, in both males and females. Subsequently, MVH expression persists in germ cells that are undergoing gametogenesis until they reach the post-meiotic stages-spermatids in males and primary oocytes in females [8] . This specific expression pattern is also seen in the vasa homolog gene in humans [9] .
The most suitable in vitro method for the detection of PGC formation is the visualization of PGC-specific gene expression by establishing knock-in ES cell lines. MVH expression can be monitored with an ES cell line in which the Mvh gene is replaced by a lacZ gene through homologous recombination-a color change induced by exogenous β-galactosidase activity can identify MVHpositive PGCs. By this method we demonstrated the presence of MVH-positive PGCs during the formation of embryoid bodies that were generated from Mvh-lacZ knock-in ES cells (Fig. 1 ). This indicates that ES cells can differentiate to form germ-cell lineages, as well as somatic cell lineages, in culture. This technique will provide insights into several issues concerning the nature of germ-cell development. An additional advantage of this in vitro system is that the exact number of induced PGCs can be quantified by cellsorting analysis.
As described earlier, germ-cell determination in mice occurs at the onset of gastrulation, and germ-cell formation is dependent on the inductive influence of extra-embryonic ectodermal cells-the trophoblast precursor cells. BMP4, a member of the TGF-β family of morphogenic factors that is produced by trophoblast precursors, is a good candidate for an inducing factor, because PGCs are not formed in knockout mice for the Bmp4 gene [10] . In addition, recent work has shown an inductive function of BMP4 in vitro-quantitative analysis with a cell-sorter machine has indicated that co-culturing ES cells with trophoblast or BMP4-producing cells greatly enhances the generation of germ cells from ES cells in culture (Toyooka et al., in preparation) . An interesting aspect of this inductive effect is that the formation of tight cell aggregates, consisting of both ES cells and effecter cells, is crucial for induction-no induction occurs if ES cells are cocultured on a feeder layer of effecter cells alone. Therefore, it is likely that germ-cell differentiation is dependent not only on inducing factors such as BMP4, but also on the microenvironment that is provided by tight cell aggregates, which probably exist within the epiblast cell mass in vivo. Another interesting feature is the proportion of the PGCs in the cell mass. Although proximal epiblast cells acquire the capacity for PGCs through stimulation by BMP4, the origins of PGC founder cells seem to be randomly distributed in the proximal region of the epiblast [3] . Only a small number can undergo spermatogenesis if they are transplanted into host adult testes after having formed a coaggregate with gonadal cells prepared from male embryonic gonads (Toyooka et al. in preparation) ; this indicates that the ES-derived germ cells are at least equivalent to the PGCs that colonize embryonic gonads. In theory, ES-derived germ cells will also be able to produce oocytes if they are transplanted into ovaries after having co-aggregated with female gonadal cells. Nevertheless, the results of these transplantation experiments do not imply that ES cells can differentiate autonomously to form sperm and eggs in culturegonadal supporting cells are always necessary for the production of gametes from ES cells. In order to i mprove this model s ystem, it wil l be crucial to reproduce the developm ental conditi ons in the e m b r y o n i c g o n a d s t h a t i n d u c e P G C s t o f o r m spermatogonial stem cells or primary oocytes. If germstem cells can be established in culture from ES cells by means of a testes cell transplantation technique, as described in the next section, it will become much easier to generate ES cell-derived functional sperm and to use these to produce offspring through natural mating.
Approaches for Making Functional Sperm and Eggs by Means of an In Vitro Culture System
Several recent efforts to culture and transplant germ cells have revealed new approaches to the generation of functional gametes in vitro (Fig. 2) . The testes cell transplantation method established by Brinster and colleagues has defined several characteristics of spermatogonial stem cells [11, 12] . Spermatogonial stem cells in mammals are found on the basement membrane of the seminiferous tubule, at an average frequency of 1 per 5,000 testes cells. These cells selfrenew throughout their lifetime, and continuously produce unipotent daughter cells that differentiate into sperm. Brinster and colleagues showed that if stem cells from the testes of a donor were transplanted into the seminiferous tubules of an infertile recipient mouse, t h e do no r ce l ls co l on iz e d t h e h o s t t es t es an d spermatogenesis was resumed. This colonization of donor-derived stem cells was also found when cells from late embryonic gonads (E18) and immature testes were transplanted. Furthermore, these authors showed that spermatogonial stem cells could survive in culture for more than 3 months without the loss of function. These findings indicate that if spermatogonial stem cells can be proliferated in culture, rather than in an ES cell system, experimental genetic modifications of the mouse germline-including targeted gene disruptionwil l be achieved more easily and rapidly. This technique might be applicable to many animal species, and could make it possible to clinically treat male infertility in humans.
Second, a recent study by Feng et al. [13] established spermatogonial cell lines by telomerase immortalization, and found that the immortalized cells could differentiate into spermatids in vitro in the absence of supporting cells (such as Sertoli cells). In this study, differentiation was induced by the addition of stem-cell factor (SCF). One week after induction, approximately 40% of the cells had developed into spermatocytes. After 3 weeks, more than 50% of the cells had differentiated into spermatids, but no spermatozoa were observed in this culture. By contrast, in a previous study of in vitro spermatogenesis that used immortalized Sertoli cells as a feeder layer, the testicular germ cells differentiated into mature spermatozoa [14] . In this experiment, the testes cells that were prepared from wild-type mice only survived for a maximum of 2 weeks in vitro; therefore it is likely that the spermatazoa were generated from cells that had already differentiated into spermatids before they were cultured, but these results are still of interest as they show that spermiogenesis can take place in vitro.
Almost all of the previous efforts to establish a culture s y s t e m t h a t m o d e l s t h e e n t i r e p r o c e s s o f spermatogenesis in mammals-from stem cells to spermatozoa-have failed, even when organ or tissue culture has been used. It is clear that something is missing from the culture media that is essential for the long-term survival and differentiation of spermatogenic cells. By contrast, a recent report showed that complete spermatogenesis occurred when tissues from the testes of immature mice, pigs and other species were grafted under the skin of immunodeficient host mice [15] . As a consequence of the differences between the results of in vitro cultures and in vivo grafts, it seems likely that normal spermatogenesis requires the combined effects of gonadal hormones. The feedback control of endocrine factors in the hypothalamus, pituitary and t e s t e s p l a y s a c r u c i a l r o l e i n t h e p r o c e s s o f spermatogenesis in vivo, which obviously does not occur in culture. Therefore, it is possible that further improvement of the culture techniques will enable the complete process of spermatogenesis to be reproduced in vitro.
Germ cells are specialized to transmit all of the genomic information of an organism to the next generation; in other words, the genetic information written in the genome DNA functions normally only when it is transmitted through the development of germline cells. In order to fully understand the mysterious properties of germline cells, further efforts to improve in vitro culture systems will be required.
Conclusion
Germ cells are the only cells that transmit genetic information and developmental pluripotency from one generation to the next. Cloned animals can be generated by the transplantation of somatic nuclei into unfertilized eggs, which shows that cytoplasmic factors in the oocytes are able to induce pluripotency in somatic nuclei. Therefore, reprogramming activity seems to be maintained throughout the development of germline cells. Numerous studies have attempted to investigate the ways in which germ cells are specialized for reproduction-mainly by searching for genes with germline-specific expression. But the lack of culture systems that can successfully model cell differentiation in vitro has hampered efforts to understand the m o l e c u l a r b a s i s o f g e r m -c e l l s p e c i f i c i t y a n d differentiation. Several recent studies involving the culture and transplantation of germ cells have highlighted potential methods to solve these problems.
